Abstract. Porous biomaterials including porous bioceramics play important roles for hard tissue replacement and regeneration. I this paper, porous alumina (with and without zirconia addition) ceramics were produced via coating polyurethane (PU) foams with Al 2 O 3 (ZrO 2 ) slurries, followed by drying at room temperature and sintering at 1300 o C. The advantage of the PU foam method was the achieved high pore interconnectivity, but the mechanical properties of the porous ceramics were rather poor due to the high macroporosity and the high microporosity. To remove the microporosity and strengthen the porous alumina ceramics, a lanthanum-modified aluminosilicate (LAS) glass was used to infiltrate the alumina struts. Nevertheless, the resulting LAS-modified macroporous alumina ceramics would have no ability to bond to bone tissues. To impart a bioactivity (i.e. the ability of bone bonding) to the bioinert porous ceramics, a bioactive glass layer was applied by dipping with the bioactive glass slurry and sintering at 1200 o C. The twice coated porous alumina ceramics would exhibit high compressive strengths, allow bone tissue ingrowth, and form strong bonematerial integration. A biodegradable filler -calcium phosphate cement was also incorporated. A possible application of the porous bioceramics would be for the maxillofacial reconstruction.
Introduction
Alumina (Al 2 O 3 ) is a bioinert ceramic that has been used for dense and porous implants such as artificial hips, dental roots, and eye balls. Porous alumina ceramics have also been studied for bone tissue engineering. The use of alumina as scaffolds could be due to its mechanical strength, biocompatibility and biostability (although biodegradation is generally required for tissue engineering). However, the strength of porous alumina is only good relative to other porous bioactive and biodegradable ceramics such as hydroxyapatite and tricalcium phosphate. There is a demand to optimise the mechanical strength of highly porous alumina.
Reticulated alumina ceramics from polyurethane (PU) foams are highly porous with high pore interconnectivity. The method for producing the reticulated alumina ceramics is also technically simple. However, one shortcoming for this method is the processing-related defects (pore-like or crack-like) left in the struts of the porous alumina bodies due to the burning off of the PU networks. The defects must be repaired or removed for higher mechanical strength. The defects can be minimised by a polymer filler through infiltration, by a metal phase (from a melt or a vapour), or by ceramic nanoparticles using sol-gel coating [1] . However, a molten glass was proposed for this study to be the most effective filler considering the simplicity in processing, ability of defect removal, and interfacial bonding of the filler with the alumina. This idea was supported from the knowledge gained from the development of glass-infiltrated alumina ceramics for the cores of dental crowns, where the strength of the composites is due to the introduction of the glass phase [2] .
Having strong bioinert porous ceramics may be not sufficient for bone repair or regeneration. Porous ceramics should be coated with bioactive coatings [3] . Thus, it was a purpose of this study to introduce a bioactive coating. In order to have additional functions of drug delivery and/ or cell seeding, a porous biodegradable filler was also proposed to fill the macropores of the infiltrated/ coated porous alumina.
Experimental
Alumina (APK-30) powder was obtained from a commercial source (Sumitomo, Tokyo, Japan) and of high purity (>99.9 wt%). 3 mol% Y 2 O 3 stabilized zirconia (3Y-TZP) powder was obtained from a commercial source (Aldrich Chemical Company, Inc). The average particle size for Al 2 O 3 and 3y-TZP was 0.357 and 0.265 µm, respectively. Alumina powder was ball-milled with 0 to 20 wt.% 3Y-TZP powder to reduce agglomeration and enhance homogeneity. The milled powders were made into slurries using distilled water and a dispersant.
Then polyurethane (PU) foams were used to create macroporous alumina (with and without zirconia). Specifically, the foams were immersed into the ceramic slurries so that the struts of the polymer foam were coated with the ceramic particles. The extra slurries in the pores of the PU foams were removed by proper squeezing action. Then the ceramic powders coated on the PU foams were partially sintered at 1300 ºC for 2 hours or fully sintered at 1550 o C for 3 hours. Lanthanum borosilicate glass was selected due to its low viscosity, good biocompatibility and biostability [4] . The glass had a composition of 40 wt% La 2 O 3 , 17 wt% SiO 2 , 16 wt% Al 2 O 3 , 15wt% B 2 O 3 , 5 wt% TiO 2 , 4.5wt% CeO 2 , and 2.5 wt% CaO. To produce the glass powder, the starting oxides were ball-milled with ethanol for 2 hours to enhance the mixing and to break the agglomerates. They were then dried and melted in a platinum crucible at 1450 °C for 10 min., then cooled down to 1250 °C for 5 min. before being quenched in water and ball-milled into a fine powder of 300 mesh.
The glass powder was made into a slurry and the macroporous and sintered Al 2 O 3 (3Y-TZP) foams were coated with the slurry. After drying, the glass coated alumina (3Y-TZP) foams were fired at 1200 °C, followed by cooling down to the room temperature.
The bioinert glass infiltrated macroporous alumina (3Y-TZP) could be further modified with a bioactive glass coating. The bioactive glass powder with particle sizes < 10 µm and of a composition of 58 mol% SiO 2 -38 mol% CaO -4 mol% P 2 O 5 was prepared by a sol-gel method. The process involved hydrolysis and condensation to form a sol, followed by aging, gelling, drying, calcination at 700 o C, and milling. The details of the process were specified elsewhere [3] . The coating application of the bioactive glass was similar to the bioinert lanthanum borosilicate glass except for the much lower firing temperature used. The temperature selected was such that the bioactive glass would not melt and the bioinert glass only melted slightly to bond to the bioactive glass coating.
The macroporous structures with or without the bioactive glass coating could be further modified with the biodegradable tricalcium phosphate (TCP) cement, which was made porous by using the foaming agent of hydrogen peroxide (H 2 O 2 ). Firstly, the room temperature stable beta-TCP was converted into the reactive alpha-TCP by heating above 1400 o C, followed by quenching to the room temperature in air. After dry milling, the alpha-TCP powder was then mixed with the H 2 O 2 solution to form a slurry. The macroporous structures were then rapidly immersed into the alpha-TCP slurry, followed by warming up in an over at 80 o C. After foaming, the alpha-TCP filler in the macroporous alumina (3Y-TZP) was steamed over a period time for the hydrolysis of the alpha-TCP into calcium-deficient hydroxyapatite.
A stereozoom microscope and a scanning electron microscope (SEM) were used to observe the macroporous structures and other microstructural features such as grain size and microporosity. Other tests and observations were also done for the project.
Results and Discussion
The sintered macroporous alumina (zirconia) structures were highly porous with an average pore size of 400 µm and the porous structures were rigid enough for handling in the subsequent processing. The burning off of the interconnected polyurethane foam networks resulted in open crack-like defects within the struts of the macroporous ceramics -zirconia toughened alumina. The crack-like defects also had openings due to the coating inhomogeneity and incomplete sintering. These crack-like defects would affect the mechanical strength of the struts and also the compressive
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Frontiers in Materials Science and Technology strength of the macroporous structures. However, the defects could be repaired by filling with a glass phase (Fig. 1 to Fig. 3 ). In fact, the molten low viscous lanthanum borosilicate glass could easily penetrate into the defects due to the good wetting ability of the melt and the high capillary force of the defects. The glass dipping/ coating process did not alter the shape of the macroporous ceramic structures due to the high temperature resistance of the alumina and zirconia networks. The coated macroprous structures had smooth strut surfaces and were shining, with obviously increased mechanical integrity. While the glass modified alumina (with zirconia) porous structures were strong, they lacked bioactivity. Thus, the bioactive glass coating was applied ( Fig. 4 and Fig. 5) ; the bioactive glass particles could stick to the underneath lanthanum borosilicate glass coating well, although there was a high porosity within the bioactive glass coating. The bioactive porous structures could be further modified with a biodegradable filler -porous calcium phosphate cement (Fig. 6 ). The introduction of the porous biodegradable filler was a low temperature process, which would not affect the mechanical strength of the macroporous structures, but could impart additional biological functionalities. For example, a drug or a growth factor could be loaded and/ or a type of cells could be carried by the porous structures. Thus, a porous bioceramic composite system was successfully developed, which was mechanically strong and bioinert and at the same time had the potential for bone tissue ingrowth and bone bonding. Nevertheless, further processing optimisation, mechanical characterisation and biological evaluation will need to be carried out in the future.
